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Diffuse neutron scattering in Nb-Zr alloys
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The diffuse scattering of neutrons has been observed in the alloys Nbg¢sZrgos and Nb,gsZr, ,, along the [111]
direction around various reciprocal-lattice points. The intensity profiles were interpreted on the basis of the
scattering cross section due to the lattice distortions caused by the substitutional impurity atoms.  The
observed peak near (3/4){111) can be related to the longitudinal phonon dispersion curve which has a local

minimum near this wave vector.

L. INTRODUCTION

Nb,., Zr_ alloys have the bcc structure for Zr
concentrations less than 15 at. % and the supercon-
ducting transition temperature 7', increases.
slightly (from 9 to 11 K) as x increases in this con-
centration range. For greater Zr cencentrations,
the alloys seem to have a mixed bcc-diffuse-w-
phase at low temperatures.’ The Bragg reflections
characteristic of the w phase correspond to %(111)
which is the position of the pronounced minimum
in the frequency of the longitudinal-phonon branch.
Slow-neutron-scattering studies have been reported
on the static and dynamic states of atoms in such
alloys. These reports include the diffuse-scatter-
ing experiment associated with the bec—to-w-
phase transition® and the anomalous phonon branch
in the high-temperature bee phase.® The diffuse-
scattering intensity pattern was explained by as-
suming the existence of small regions of hexagonal
structure (w phase) in the bee structure.! In ad-
dition, anomalous phonons in the high-temperature
bce phase were interpreted as a dynamic modul-
ation of staticlike short-range order.® In contrast
to the tendency toward phase instability in Nb-Zr
alloys, the structure of Nb alloyed with Mo re-
mains bce and such alloys show a marked decrease
in the superconducting transition temperature as
the Mo concentration is increased. Also, the fre-
quency of the 5(111) longitudinal-phonon branch
increases with the Mo concentration,* indicating
the system becomes more stable.

However, a recent neutron-scattering experi-
ment® shows that the phonons observed for
Nbg o5 ZTy. o5 and Nb, g, Zr, |, are well defined and
dispersion curves do not exhibit significant de-
creases inthe frequencies of longitudinal modes near
2{111) where the frequency is at a minimum. The
present report deals with the diffuse scattering
near this wave vector observed for the Nb-Zr al-
loys with compositions mentioned above. A pos-
sible origin of the diffuse scattering will be pro-
posed.

II. EXPERIMENT AND RESULTS

The experiment was carried out on the HB-4A
triple-axis spectrometer at the High Flux Isotope
Reactor. A Be(101) plane was used as a mono-
chromator and most of the measurements were
made with a Ge(111) plane as the analyzer. Thus,
contaminations due to neutrons with energies cor-
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FIG. 1. Diffuse-scattering peaks observed in niobium
and niobium-zirconium alloys. Intensities are nor-
malized to that of the LA (0.200) phonon. Note the differ-
ent intensity scale for niobium.
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responding to the second- and third-order reflec-
tions were almost negligible. The incident neutron
energy of 51 meV was used to cover a large region
in reciprocal space. The alloy samples were the
same as used for phonon-dispersion-curve mea-
surements.® Scans with zero energy transfer
(elastic scans) were carried out mainly along the
(111) direction from various reciprocal lattice
points. Figure 1 shows the elastic scans in the
[111] direction from (1,1,1) to (1.8,1.8,1.8) for
Nb, Nbg, g5ZTg, 05, and Nby 45 Z1, ;5. In order to
take into account the difference in the sample
sizes, the counts are normalized to the relative
intensity of the LA phonon at (0.2,0,0) (in units of
27/a, where a is the lattice constant 3.3 A) which
seems to be unaffected by alloying. The rise in
the count rate near (1,1,1) is due to the high back-
ground at low scattering angles. The scan for
Nby. o5 2T, o5 does not show this background effect
because of its large sample size and, hence, good
peak-to-background ratio. The ¢ resolution of the
instrument was estimated from scans around
Bragg reflections and found to be about 0.01 in the
present unit. The peak widths for the two alloys
seem to be identical. The scattering intensity in-
creases with the Zr concentration, and it peaks

at about 3(1,1,1) for alloys, whereas an extremely
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FIG. 2. Diffuse scattering in Nb, gZr), 1. (2) Peaks
observed along various (111) directions. Solid lines
are calculated intensities. Same background counts and
scaling factor are used for all the scans. (b) Paths in
the reciprocal space corresponding to the scans in (a).
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FIG. 3. Constant-@ scans near the intensity maxima.

weak maximum seems to exist near 5(1,1,1) for
pure Nb. The x-ray studies by Chang and Collela®
did not detect the diffuse peak in pure Nb. Similar
scans from several reciprocal lattice points were
carried out and some of the results for Nb, g, Zr, ,,
are shown in Fig. 2(a) which includes the scan of
Fig. 1. Figure 2(b) shows the lines in reciprocal
space corresponding to the scans in Fig. 2(a).
Several constant-@ scans for wave vectors near
the diffuse peak were performed and examples

of the results are shown in Fig. 3. Scans were
made with the incident energy fixed at 51 meV.
The energy widths of both the diffuse and pho-

non peaks are those expected from the resolution
function of the instrument. Consequently, the in-
trinsic energy widths, if any, could not be ob-
served.

1I1. DISCUSSION

Information about the nature of the atomic dis-
placements giving rise to the diffuse scattering
may be obtained from the position and width of the
diffuse peak and also from the  dependence of the
scattering intensity. In the present observation,
the peak position ¢, is very close to 5(1,1,1) which
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is significantly different from the w-phase peak
position $(1,1,1). If the peak position is exactly
#(1,1,1), the displacement is commensurate with
the host lattice and the periodicity is 84 where d
is the distance between the planes of the atoms
perpendicular to the (1,1,1) direction, or d=a/
2V3 . However, the observed peak width Ag

=V3 (27/a) x 0.14 suggests that the size of the re-
gion in which displacements are coherent is repre-
sented approximately by 14 planes. Since the per-
iodicity of the microcrystal is comparable to its
size, a picture in which the microcrystalline re-
gions are assumed to be randomly embedded in
the becce host crystal may not be a suitable descrip-
tion. Furthermore, the phonons near g, are not
softened significantly by alloying, and, as Fig. 3
shows, the diffuse-scattering peak does not seem
to be due to the condensation of a soft longitudinal
phonon in the (1,1,1) direction. Instead, it may
be interpreted as a scattering due to a lattice dis-
tortion caused by the presence of impurity Zr
atoms, as in the case of Huang scattering.” Ac-
cording to the model described in the Appendix,
the scattering intensity for ¢ in the (1,1,1) direc-
tion is approximately proportional to

c[Q- 8, L) et @ I (), 1)
with ‘ ‘
Wi(g) = sin®*r¢ cos®ng/wi(q), ()

where ¢ is the impurity concentration, Q=4+ 7, 7
is the réciprocal-lattice vector, q= ¢(27/a)é(q, L),
and w,(q) is the frequency of the longitudinal pho-
non for wave vector §. €(d,L) is the eigenvector
of the longitudinal phonon in the (1,1,1) direction,
namely, (1/vV3)(1,1,1)or its equivalent. &2 is, in
principle, determined by the amplitude of the at-
omic displacement, but in the present analysis it
is regarded as a parameter. The peak intensity

at g=¢q, is determined by the first.three factors in
Eq. (1). The relative intensities of the observed
peaks and the intensities calculated with a?
=0.023(27/a)? are compared in Table I. The g de-
pendence of the intensity, on the other hand, is
mainly determined by W(g).® The lines in Fig. 2(a)
represent the intensities calculated from Eq. (1)
with the phonon frequency of Nb. The same back-
ground count and scaling factor were used for all
the scans. Although the factor 1/w* has a maxi-
'mum near ¢{=%or q=3(1,1,1)(27/a), the factor
sin®n¢ cos®r¢ is largest at £=0.2 and 0.8. As a re-
sult, W(g) has a peak at £=%. Also, the intensity
diverges around the Bragg points as 1/¢? corres-
ponding to the conventional Huang scattering. Dif-
fuse scattering from Zr; /Nb, , observed by Keat-
ing and LaPlaca® showed peaks whose position is
0.7(1,1,1) rather than 3(1,1,1) and regions of high

TABLE 1. Relative intensity of diffuse scattering.

A B C D . E
Observed 1 0.42 1 1.17 1.38
Calculated 1 0.39 1 1.06 1.36

intensity near the Bragg points of the bce structure
were found. The scattering in the Zr-rich alloy

is certainly related to the incipient w transition.
However, within the present picture the difference
in the peak positions for two different ranges of
the impurity concentration may be considered to be
due to the breakdown of the assumption that the to-
tal atomic displacement due to impurities can be
expressed as a linear superposition of the dis-
placement due to each impurity atom for higher im-
purity concentrations. Also, the interatomic for-
ces must be modified considerably for alloys with
high impurity concentrations.

IV. CONCLUSIONS

Similar phenomena are expected to exist in alloys
with large lattice distortions. Very preliminary
measurements on Ta containing 2-at.% deuterium
as interstitial impurities indicate the existence of
rather weak diffuse scattering near $(1,1,1)=7
-2(1,1,1), where 7¥=(2,2,2). Also, diffuse-
scattering peaks which are several orders of
magnitude stronger than those for Nb(Zr) have
been observed for Nb containing 3.6-at. % oxygen
atoms with a smaller ¢ width along various (111)
directions. However, there may be short-range
order of oxygen atoms in this system® although the
large changes in the phonon frequencies observed
in such a system’® suggest that oxygen atoms are
probably rather uniformly.distributed in the crys-
tal. Further investigation will be undertaken to
check the validity of the model discussed in this
report. '
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APPENDIX

In this Appendix the expression for the elastic-
scattering cross section of neutrons due to impuri-
ties is derived in terms of the lattice Green’s
function and the change -in the interatomic po-
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tentials. The atomic position is written T(I)
=T°0) + A(), where r°(I) is the equilibrium position
of the /th atom in a pure crystal. The energy of
the entire crystal with an impurity atom at the or-
igin is expressed ¥=®+ A, where & is the poten-
tial energy without the impurity and A is the
change in the energy. The atomic displacement
Z(l) due to the impurity is assumed to be small
and the energy functions expanded in terms of the
A(1)’s are

V= b, +—}: B, (1), (1) 8(17) + Ay
11°
o

+ZA DA 1)+

where A (I)=aA/3v5(1), a=x,v, or z, and ,,(I1')
is the interatomic force constant in the pure cry-
stal. The equilibrium condition, 8¥/84_(1)=0 for

S— |

IF(Q Z ezQ S[20)- r0(1')JQ QB a() (l’)+-

1
aB

all (7, @), gives
Z@ (L)AL + A (1)=0.

Thus, we have

8,(0)== DGl

1B

where G,, is the lattice Green’s function of the
pure crystal.

The neutron elastic-scattering cross section can
be written, in terms of the structure factor F(Q)
=Z,lei‘é-f<z)’ as

Q) |2 = Zeié'[?(l A
1’

since the scattering amplitudes for Nb and Zr are
almost identical. For Q=7+4q,

_ Z £ i IR0 ar Q@ Z G o (11,)G (L) A (L) Ag(ly) + - - -

1’ 11,
aB ¥6

:aZB: QQQB;GM(Q)GBG(—‘I)<; eié-iO(h)Ay(ll)> (,Z e'ié';°<12)A5(l2)>+

= Y Qu@,G o (@)C () Ay (@) Ag(—q) +
aB

where G ,(q) is the Fourier transform of the lattice
Green’s function and is given by

€4 (gh)eg(ar)
A= 2 2<q> )

with j denoting phonon branches, and A,(g)
=20, A, (0)e T, Thus, we have

.. $ [Q-8@ENHRQ-E@)N]
P@ =2 wi(q)w?.(g)

i’

x[8(@7) - K@E@E - K@1*+

However, it can be shown that with ¢ in principal

symmetry directions of cubic crystals the factor

€(q,7) - A(Q) is nonzero only for the longitudinal
branchj L. Thus, for low impurity concentra-
tions, we have

@) I?

Ncewz[é (qL)- QJZ[Q’ . g(aL)lZW(a)
with

wi(g)=18(d-L) - K@) 1*/wi(q),
where ¢ is the impurity concentration and the fac-
tor e”@ (8@ L2 g to represent the effects of the
higher-order terms in A in a fashion similar to

the Debye-Waller factor for atomic vibrations.
rations.
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